The twentieth century spanned an era that included nadirs in environmental quality
The special subject which I have fixed upon as the point of direction toward which all our studies shall tend, is the effect on the aquatic plant and animal life of this region produced by the periodical overflow and gradual recession of the waters of these great riversphenomenon of which the Illinois and Mississippi rivers afford excellent and strongly marked examples. The field is entirely fresh, no such investigation having been before undertaken anywhere in the world. (Forbes 1894, p. 16) Forbes believed that the station would make foundational contributions to the new discipline of ecology, as well as to practical improvement of fisheries science and management, precisely because of the river's seasonal flooding of a floodplain that was atypically large in relation to the river's flow (Schneider 2000) . Forbes and a few other early ecologists were beginning to examine the effects of organisms on each other (e.g., predation and competition) and seeking to explain how communities of organisms maintained themselves despite environmental disturbances, such as flooding.
Another question that begged an answer is why a river as small as the Illinois (in terms of water flow and length) produced such a phenomenal yield of fish (figure 3). In 1899, the Illinois River provided one-fourth of the total value and 15% of the total catch of all the commercial fisheries in all the rivers of the Mississippi Valley, despite the fact that it represented only 2.6% of the total length of the rivers (these percentages were determined by calculation from tables in Townsend 1901, pp. 666-667, 676-678; Kammerer 1990 ).
The geological setting and the "floodpulse advantage" The Illinois River begins in northeastern Illinois, where the Des Plaines and Kankakee rivers join (figure 2). The upper Illinois River flows in a geologically young valley for its first 80 kilometers (km) until just before the Great Bend at Hennepin, where it intercepts a huge valley carved by the ancient Teays (ancestor of the Ohio River) and Mississippi rivers (Janssen 1952) . The lower river then flows 359 km southwestward to the contemporary Mississippi River. The upper valley is relatively narrow and steep-the predam rate of fall of the river was 20.1 centimeters per km-whereas the predam rate of fall of the lower river was only 2.8 centimeters per km (Alvord and Burdick 1915) . Despite its relatively small flow, the lower Illinois River exhibited the protracted seasonal flooding that characterizes much larger floodplainriver systems because it took a long time for the small river to fill the large floodplain (2.4-11.3 km wide) bequeathed by the ancestral Mississippi and a correspondingly long time to drain the floodplain back into the slow-flowing river and out to the Mississippi (Alvord and Burdick 1915) . Also, both the Mississippi and the Illinois could be in flood simultaneously because of snow melt and spring rains in the upper Midwest, in which case the Mississippi would back water up the lowgradient Illinois River for at least 200 km, thereby protracting the flood season on the Illinois (Alvord and Burdick 1915) . The effect of moderate levels of natural disturbance, including flooding, in maintaining biodiversity and productivity is now well documented (Connell 1978 , Welcomme 1985 , Junk et al. 1989 ). The effect in boosting fish yield has been termed "the floodpulse advantage" (Bayley 1991) , a concept itself foreshadowed by Forbes's study of the Illinois River. Commercial fishermen knew from experience that fish used the floods to access spawning grounds and nurseries in the inundated floodplains and in the expanded water bodies on the floodplains. By adopting the fishermen's fishing gear and techniques and by adding pioneering studies of water chemistry, plankton, macroinvertebrates, and the food of fishes at all life stages, Forbes and the scientists he recruited soon described the basis of productivity in the Illinois River (Bocking 1990 , Schneider 2000 . On the basis of their sampling, Richardson (1921) calculated the major sources of fish food (macroinvertebrates) on the 291-km (181-mile) reach of the Illinois River with the highest fish yields and concluded that the floodplain lakes and backwaters produced twice as much fish food per acre as the river:
The total hypothetical yield of the unconsumed stocks of food thus figures (16,103,580 lbs. of fish, from 80,517,900 lbs. bottom and shore animals), is greater by about 50% than the actual fish catch of 1908 (a banner year) in the same district. Of this total, 831,900 lbs., or 141 lbs. per acre, accrues from about 6,000 acres of river, bearing over 4,000,000 lbs. of small bottom animals; and 15,271,680 lbs., or 289 lbs. per acre, from about 52,000 acres of lakes and other backwaters, bearing not less than 76,000,000 lbs. of small bottom-and shore-animals, of which over 60,000,000 lbs. comes from the upper levels in the shallower, more densely weeded acreage. (p. 469) Forbes felt the productivity could be related back to the geological and hydrological characteristics of the river, which were already well known in 1894, when he described the mission of the Biological Station. In the Fishes of Illinois, Forbes (1920) summarized their findings thus in a chapter titled "The Fisheries of Illinois":
The state is traversed diagonally by the Illinois River, admirably adapted, by its sluggish current, by the many bottomland lakes connected with it at low water, by the extensive breeding-grounds afforded to fishes during the period of spring overflow, and by the vast abundance of fish food in its waters at all seasons of the year, to support an unusually large and varied fish population. (p. cxxiii)
Early impacts: The Chicago Sanitary and Ship Canal Turning back to 1894, Forbes (1894) mentioned another objective: "As an incidental, but by no means unimportant, result of our work, we shall accumulate the material for a comparison of the chemical and biological conditions of the waters of the Illinois River at the present time and after the opening of the Chicago drainage canal" (p. 16). Officially designated the Chicago Sanitary and Ship Canal, its foremost purpose was to carry municipal and industrial wastes away from Chicago's drinking water supply in Lake Michigan. To accomplish this, the flow of the Chicago River was reversed so that it no longer flowed into Lake Michigan but instead went through a man-made canal into the Des Plaines River and eventually into the Illinois River. Reversal was expected to reduce outbreaks of typhoid, cholera, and dysentery, as well as noxious odors in Chicago (Cain 1978) . The other purpose, as the name of the Canal indicates, was to improve the commercial navigation link between Lake Michigan and the Mississippi River, replacing the outmoded Illinois and Michigan Canal, which had begun full operation in 1857 (Cain 1978 ).
Introduction of common carp and declines in commercial catch
A second human intervention, of which Forbes was well aware, was the introduction of common carp (Cyprinus carpio) in the Illinois River and in other rivers of the state in 1887. The first large carp had already been taken in the lower Illinois River in 1886, probably an escapee from private ponds that had received carp from the US Fish Commission, starting in 1879, and the Illinois Fish Commission, starting in 1881 (Forbes 1920) . By 1898, the Illinois Fishermen's Association reported that the value of the common carp catch exceeded that of all other fishes combined (Forbes 1920) . Within another 10 years, the commercial fish yield from the Illinois River (figure 3) had peaked at 10,886 tonnes (24 million pounds), with the largest share contributed by common carp (Alvord and Burdick 1915) .
Besides the population explosion of common carp, which was a desirable commercial species in the United States at the time, Alvord and Burdick (1915) attributed the dramatic rise in total fish yield to two other factors. First, the aquatic habitat in the river and its floodplain expanded because of the water added from Lake Michigan and the watersheds that formerly drained into the Lake. Second, the Chicago sewage effluent depleted oxygen in the upper Illinois River and turned substantial sections into lifeless zones for fishes and other aerobic organisms, but it had a fertilizing effect on the lower Illinois River once the oxygen demand in the upper Illinois River was met (i.e., waste materials were biologically processed) as the river flowed from the upper to lower Illinois River. Forbes and the Illinois Natural History Survey scientists had supplied much of the information used by Alvord and Burdick in 1915 . With the benefit of several years of additional data, Forbes and Richardson (1919) stressed that expansion of fishing effort was a contributing factor in the increase in fish yield up to 1908. The subsequent decline despite the increased effort was largely attributable to the loss of fish nurseries and feeding areas as more of the floodplain was drained and leveed. Furthermore, the hypoxic zone did not remain confined to the upper Illinois River but progressed downstream into the lower river after 1908. By 1925, a low-water year, dissolved-oxygen levels from the Great Bend at Hennepin to just upstream of Peoria ranged from 0 to 1 milligram per liter during July and August (Boruff and Buswell 1929) . Between 1915 and 1920 , the leading edge of the expanding zone in which pollutiontolerant macroinvertebrates replaced clean-water species on the bottom of the lower river moved downstream at the rate of 26 km per year (Richardson 1921) . Commercial fish yields never again exceeded the 1908 levels, owing to a combination of the downstream advance of anoxic conditions and the effects of draining floodplain habitat.
The combined impacts of agriculture and hydrologic alteration More changes followed, including the drainage and leveeing of more than half the floodplain, mostly for dryland agriculture (Thompson 2002) . Agriculture intensified in the tributary basins, resulting in increasing amounts of stormwater, sediment, nutrients, and pesticides delivered to the Illinois River and the remaining floodplain wetlands and lakes (Starrett 1972) . The low-head navigation dams and locks constructed on the river between 1871 and 1899 were replaced by five higher dams and locks in the 1930s, creating a 2.74-meter (m; 9-foot) navigation channel from the Mississippi River, through the Illinois River, through a portion of the lower Des Plaines River, and through the Chicago Sanitary and Ship Canal all the way to Lake Michigan, known as the Illinois Waterway (Starrett 1972 ; hereafter, we use the term Illinois Waterway to refer to the entire system of the Illinois River and its upstream tributaries and canals, and we use Illinois River when referring only to this single river).
The dams did not stop seasonal floods, but they permanently raised the low water levels to maintain water depths for navigation. As a result of the dams, the low water levels in the Illinois River only dropped 0.8 meters or less in most places when the US Supreme Court ordered the diversion from Lake Michigan to be decreased in several steps, from its peak of 283 cubic meters per second in 1925 to 90.6 cubic meters per second after 1938 (Espey et al. 1981 , Changnon and Changnon 1996 , Demissie and Knapp 2002 . The effects of these changes in the physical-chemical conditions of the lower river and its backwaters and floodplain lakes were reflected in the responses of the biota, from plants to birds and fishes. The rise in water levels associated with the Lake Michigan diversion and then the navigation dams drowned the bottomland forests, which could not stand permanent inundation (Forbes and Richardson 1919 , Yeager 1949 , Bellrose et al. 1983 . Small sloughs, ponds, and lakes coalesced into larger, permanent water bodies with greater wind fetches. With the loss of the trees that had served as windbreaks, wind-generated waves on the enlarged water bodies eroded shorelines and roiled the bottom, reducing light penetration and uprooting aquatic plants. At the same time that sediment input from the tributaries was increasing as agriculture intensified in the basin, sediment deposition was concentrated in the 44% of the floodplain that remained unleveed (Bellrose et al. 1983) . Increased boat traffic increased sediment resuspension from the bottom and erosion of the shorelines (Lubinski et al. 1981 , Bhowmik 2014 . Lush beds of submersed aquatic vegetation were greatly reduced in both mainstem lakes (e.g., Peoria Lake) and floodplain lakes (Bellrose 1941) . Once the plants began to die back, a positive feedback system accelerated the process: With fewer plants to dampen waves with their leaves and stems and to anchor the sediments with their roots, the waves became more powerful, and more sediment was resuspended (Sparks et al. 1990) .
A low point. The macroinvertebrates that inhabit the submersed vegetation declined, reducing the food supply of fish. Richardson (1921) estimated that the reduction in both benthic and "weed" fauna in the 166 km of river centered on Havana amounted to 15,649 tonnes. He calculated that this represented a loss of 3175 tonnes of potential fish yield. The commercial fish yield from the Illinois River did indeed decline drastically from the high of 1908. The decline in the commercial catch from the Illinois is not attributable to changes in the market value of the fish, especially because yields from the Mississippi River bordering Illinois remained fairly constant, whereas those from the Illinois River continued to decline through 1980 (Sparks 1984) . In the 1950s, the die-off of a once-abundant species of fingernail clam, Musculium transversum, which Richardson considered pollution tolerant but which nevertheless provided food for bottom-feeding fish and diving ducks, was associated with a decline in the condition of common carp and a shift in the diving ducks away from the Illinois River during their migration (Sparks 1984) . Toxicological studies suggest that ammonia concentrations in the interstitial waters of the bottom sediments prevent fingernail clams from recolonizing portions of the river where they were once abundant (Sparks et al. 1993) .
A turning point. In retrospect, it was fortunate that Forbes initiated the comprehensive studies of the Illinois River when he did, because he and the scientists he recruited had several years to unravel food webs, quantify flows of organic matter, and describe how life cycles and biological productivity were related to seasonal floods. Only later did the focus necessarily shift to documentation of human impacts. In contrast to the Illinois River, most of the rivers in Europe were altered starting in Roman times, or at least by the Middle Ages, well before the birth of ecology (e.g., the Rhine and the Meuse; Admiraal et al. 1993) . Nevertheless, the combined influence of low oxygen, habitat loss and alteration, and abundant common carp that began around the turn of the twentieth century produced devastating effects on the Illinois Waterway by the middle of the twentieth century. Fortunately, the story of the Illinois Waterway does not end in hopelessness in the 1950s. Instead, popular conservation movements that had begun in the 1920s (e.g., the Izaak Walton League) and the environmental movements of the 1960s led to government planning and action to clean and restore US rivers, including the Illinois Waterway (Scarpino 1985 , Sparks 1992 , Kustra et al. 1997a ,b, Anfinson 2003 , USACE 2007 . Later, a new generation of river ecologists, working out of Havana, initiated monitoring programs that documented the impacts of these programs and of introduced species.
Initiating a long-term monitoring program
In the 1950s, biologists at the Illinois Natural History Survey began a program to systematically assess changes in the fish assemblage in the Illinois Waterway (figure 4; Sparks and Starrett 1975) . After an initial period of pilot sampling conducted at various sites during 1957, 24 locations were established throughout the Illinois Waterway as annual fish monitoring stations for the Long-Term Survey and Assessment of Large-River Fishes in Illinois (formerly known simply as the Long-Term ElectroFishing Project, LTEF). These stations were chosen by the program's founder, William Starrett, on the basis of his prior knowledge of locations that provided habitats for adult fishes. Twenty of these initial locations were situated in side-channel habitats, and the remaining four were located along the main channel borders. The number of stations selected within each section of the river was stratified by the total length of each reach, or impounded pool, created by the navigational locks and dams. Three additional sampling locations were added to the survey during the 1970s to 1990s.
Perhaps the greatest challenge to assessing population changes over time is the issue of comparing data collected over such a long period. Historic detection probabilities are often lower than in more recent sampling, and this can create misleading patterns for metrics (e.g., species richness; Tingley and Beissinger 2009). Throughout the duration of the LTEF, the monitoring has been conducted in a highly standardized manner (McClelland et al. 2012 , Fritts et al. 2017 , which enables comparisons of the fish assemblage across decades. Fish were sampled under similar environmental conditions during late August through early October in most years from 1959 to 2015: Water levels were at or near their lowest stage allowed by the navigational dams, and water temperatures exceeded 14.4°C. Fish communities at each station were sampled via electrofishing using a three-phase alternating current (AC) generator transmitting energy to the water through three cables suspended from booms mounted on the bow of a 5.49-m boat. A two-person crew consisting of a boat pilot and a single netter stationed on the bow of the boat collected stunned fishes using a 6.35-millimeter mesh dip net mounted on a 3-m-long fiberglass pole (figure 4). All fish were placed in an aerated holding tank until sampling at each station was completed. Most stations were sampled continuously for 1 hour, and all fishes were measured and weighed before being returned to the water. In some areas, the location of the individual stations had to be adjusted to accommodate changing water levels at the stations. Sedimentation has increased substantially during the time encompassed by the LTEF (Bhowmik and Demissie 1989) , and some of the sidechannel habitats have become inaccessible during the lowwater periods targeted by the study design. In such cases, alternative sampling stations were established at nearby locations characterized by similar habitat features. This level of standardization, adhered to rigorously over six decades, provided particularly high confidence that changes in the fish assemblages over time come from true changes rather than artifacts of how they were sampled.
Ecological indicators of a recovering river
The earliest years of the LTEF surveys are critical because they establish a baseline of the fish assemblage prior to recovery. When the long-term monitoring program began, the fish assemblage of the Illinois Waterway was longitudinally structured in a way that reflected the dissipating influence of wastewater. Where the water quality was the worst, closest to Chicago, the fish assemblage was composed almost entirely of invasive species: Between 1959 and 1964, common carp, goldfish (Carassius auratus), and their hybrid constituted 97% of the catch in the Des Plaines River, the uppermost portion of the Illinois Waterway that was sampled. During this time, carp and goldfish were not as dominant in areas farther downstream, where they constituted 25% and 16% of the total catch in the upper and lower Illinois River, respectively. Common carp are a globally invasive species (Lowe et al. 2000) that is highly tolerant of poor environmental conditions (Smith 1979) , and their abundance in each segment of the river is likely inversely proportional to overall environmental quality.
Sport fish. Sport-fish populations were practically absent in the upstream reaches of the Illinois Waterway in the early years of the LTEF. We consider sport fish a classification that combines an ecologically based category (species that generally consume other fishes and macroinvertebrates as adults, occupying the highest trophic position among fishes) and a socioeconomically relevant category of fish commonly sought by recreational anglers. We refer to the group of species in table 1 as sport fish. Between 1957 and 1964, only 0.2% (4 of 1811) of all fish captured in the Des Plaines River were sport fish. It is possible that the four individuals captured may have been transient occupants from populations in tributaries, and the mainstem Des Plaines River may have been completely incapable of sustaining sport-fish populations during this time. In the upper Illinois River, the same species constituted 0.8% (109 of 13,280) of all fish captured during the same period, and the proportion of sport fish increased to 8.8% (6029 of 68,865) in the lower Illinois River.
Recovery began earlier in the lower portions of the Illinois Waterway, and the recovery that occurred in the upper portions was both later and more dramatic. In the Des Plaines River and the upper Illinois River, sport-fish catch rates increased exponentially from their virtual absence prior to 1970 (figure 5). Sport-fish recovery began earlier in the upper Illinois River than in the Des Plaines River, and it was not until the 1990s that sport fish in the Des Plaines River began to increase substantially. Catch rates in the lower Illinois River show a more linear trend of improvement from the 1960s to the present. To provide some context, in the Des Plaines River, the proportion of sport fish rose from less than 1% in 1959-1964 to 69% in 2010-2013 ; the same comparison shows an increase from 1% to 26% in the upper Illinois River and 9% to 30% in the lower Illinois River. Generally, the onset of population increases for sport fish occurred later in more upstream reaches. The timing of recovery reflects both the historic influence of water quality and the implementation of measures to improve water quality (see the "Linking fish assemblages to water quality" section below). Trends in catch rates are fairly similar across species, and there is no single species that is disproportionately influential in creating the overall pattern. The changes in the upper two segments of the river are particularly striking, because sport-fish abundance is one to two orders of magnitude greater than during initial surveys.
Fish communities. The changes in sport-fish populations, although emblematic of trends, occurred in concert with changes throughout the entire fish assemblage of the Illinois Waterway. Native species' diversity, as is measured by the Shannon index (H′), increased over time. Diversity values in recent years are at least twice as high as in the earliest years of the survey. Similarly, native species' richness increased over the same era (figure 6). Again, the changes tend to be more dramatic in more upstream reaches. The diversity of native species in the Des Plaines and upper Illinois River may have plateaued in recent decades, after beginning at much lower levels than in the lower Illinois River. Species richness increased sharply in the Des Plaines River, although all sections of the Illinois Waterway have increased (figure 7).
Fish-community analyses using multivariate techniques further illustrate changes occurring throughout the system. Nonmetric multidimensional scaling (NMDS) represents levels of similarity among samples so that points with high similarity group close together (Clarke 1993) . A twodimensional NMDS test of fish community shows spatial and temporal differences among the Des Plaines River, the upper Illinois River, and the lower Illinois River (figure 8). Temporally, assemblages throughout the Illinois Waterway underwent a shift in community composition reflected by a progression from the top left of the NMDS plot to the bottom right, a trend that was consistent in each river reach. In the 1960s and 1970s, fish assemblages in the Des Plaines River were composed almost entirely of common carp and goldfish. Consequently, in the NMDS plot, the Des Plaines River from the early decades is separate from the upper Illinois River, which had a more diverse fish assemblage. Over time, fish collections in the Des Plaines River came to resemble those in the upper Illinois River as water quality improved, and those collections all now plot together. Spatially, the lower Illinois River represented a distinct group that plotted separately from the upper Illinois and Des Plaines rivers throughout the six decades. Geomorphically, the upper Illinois River and the Des Plaines River are more similar to each other than they are to the lower Illinois River, and this likely explains why they have grouped together in recent decades even as the assemblage throughout the Illinois Waterway has shifted.
Common carp and goldfish. Common carp and goldfish were abundant throughout the Illinois Waterway in the midtwentieth century, but they have declined precipitously in recent decades. From the 1960s to 1990, carp catch rates fell sharply, and for a quarter of a century, carp catch rates have remained stable at levels one or two orders of magnitude lower than their midcentury levels. The resulting change in the proportion of total catch composed of carp was dramatic. In the Des Plaines River, common carp and goldfish accounted for 97% of the catch in the earliest years but constituted less than 2% of the catch between 2010 and 2014. Intriguingly, the collapse of the carp population appears to be synchronous across the entire Illinois Waterway. In the Des Plaines River, where carp and goldfish were almost the only species found in the early years of the LTEF, the population collapse was similar to that of the lower Illinois River, where predatory species and other species existed at higher levels than in the Des Plaines River. In other words, with or without potential predators or competitors, carp populations plummeted at the same time. Such a dramatic, large-scale, and enduring decline suggests disease may have contributed to the collapse of common carp (e.g., Gotesman et al. 2013 .
Linking fish assemblages to water quality Improving water quality was strongly associated with changes in the fish assemblage in the Illinois Waterway. In 1983, the Metropolitan Water Reclamation District of Greater Chicago (MWRD) began an intensive standardized monitoring program in the Illinois Waterway. Water-quality parameters were collected at 49 fixed sites distributed across 215 km of the waterway, from the lower Des Plaines River near Lockport to the Illinois River in Peoria. These data document water-quality improvements associated with the reduced discharge of untreated wastewater that resulted from implementation of the Tunnel and Reservoir Plan (TARP). Initiated shortly after the passage of the 1972 Clean Water Act to comply with the federally mandated waterquality standards, TARP created a vast network of large bedrock tunnels to capture the area's combined sewer overflow for subsequent secondary wastewater treatment. The first overflow tunnel reservoir became operational in 1983 and the last in 2006. These reservoirs are capable of capturing 8.7 billion liters of effluent during heavy rainfall events for treatment (Scalise and Fitzpatrick 2012) . Prior to TARP, this wastewater would have been released into the Illinois Waterway untreated.
Fortuitously, the MWRD data encompassed the areas most degraded by Chicago effluents during the time period that saw the greatest improvements in fish assemblages (McClelland et al. 2012) , and the MRWD generously shared data with LTEF biologists. Combining the two long-term data sets from the LTEF and MRWD provided strong evidence that improvements in water quality drove the observed increased diversity in fish assemblages for the upper reaches of the Illinois Waterway . The primary drivers of fishassemblage changes were decreased un-ionized ammonia (which is toxic to fish) and increased dissolved oxygen and water clarity. Moreover, these changes were consistent with the implementation of TARP, given that the importance of water-quality variables to the fish assemblage improvement decreased downstream, away from Chicago, and the improvements in fish assemblages in the Des Plaines River, nearest Chicago, were more closely associated with sewage-related variables (e.g., ammonia, fecal coliform, and dissolved oxygen; Parker et al. 2016) .
Over large spatial and temporal scales, assessing the cause of changes is often difficult. However, the example of the Illinois Waterway is particularly well documented. Stephen Forbes and his colleagues demonstrated the initial effects of untreated wastewater by collecting data both before and after the Chicago Sanitary and Ship Canal opened. Several decades later, a standardized monitoring program began capturing the state of the fish community many years before the passage of the Clean Water Act, providing baseline data to assess future improvements. Paired water-quality and fish-community data before and after the implementation of TARP document which aspects of water quality improved and how this was associated with improvements in the fish community.
A remarkable feature of the Illinois Waterway is that long-term fish and water-quality monitoring exist over such a great extent of time and space. Together, these records provide evidence that a tremendous ecological recovery occurred, spurred by a national environmental policy. In fact, the extensive monitoring in the Illinois Waterway may provide the strongest available evaluation of the Clean Water Act's effect on fish populations. Although the results are not surprising (most biologists would agree that treating wastewater would benefit fish populations), it is nevertheless important to demonstrate both its effect and its magnitude. Just as the shifting baseline syndrome can create misleading perceptions of how species have declined (Pauly 1995), the same syndrome can make it difficult to perceive long-term improvements and in turn underestimate the value of efforts to improve environmental conditions.
Ongoing threats to a recovering river As it has for over a century, the Illinois Waterway is facing competing demands. The undeniable improvement of the fish assemblage since the 1950s, achieved largely through better water quality, could be undone by factors unrelated to water quality in upstream areas. Excessive erosion and sedimentation are problems created primarily by intensive farming in the drainage basin and are currently recognized as the primary environmental problem in the Illinois River valley (Demissie et al. 2004 ). Deep, slow-flowing areas of the floodplain are affected most by sedimentation (Bellrose et al. 1983) , and backwater lakes are the most severely affected (USGS 1999) . The loss of backwater habitat has been greatest in the lower Illinois River because this region has higher sedimentation rates (USGS 1999 ) and a greater prevalence of backwater lakes (Bhowmik and Demissie 1989) . It is likely that the recovery of the fish community in the lower Illinois River has been constrained by this continued loss of backwater habitat, used extensively by fishes for rearing (Brown and Coon 1994 and the references therein, Schultz DW et al. 2007 and the references therein) and overwintering (Sheehan et al. 1990 , Knights et al. 1995 .
Invasive species. Increasing populations of invasive Asian carp (silver carp, Hypophthalmichthys molitrix, and bighead carp, H. nobilis), following their introduction circa 2000 (Irons et al. 2007 ), also present a strong threat to the future of the ecological integrity of the Illinois Waterway. Within some areas of the waterway, Asian carp reach densities that are sufficient to reduce overall zooplankton by approximately 90%, and the most energetically favorable zooplankton have decreased by over 95% (Sass et al. 2014) . Reducing zooplankton so substantially has produced a disruption throughout the food web, because zooplankton are a primary food source for many species, including juvenile sport fish. In fact, by reducing food availability for both smaller prey fishes and juvenile sportfish, Asian carp may be eroding many of the gains in sport fish that have been achieved in the lower Illinois River, where Asian carp are most prevalent. The combination of increased sedimentation and reductions at the base of the food web caused by Asian carp portend serious environmental degradation, particularly as neither is as amenable to targeted remediation as the TARP and other water-quality improvements.
Emerging pollutants. The further recovery of native fish communities could also be undermined by other forms of pollution that currently occur in the Illinois Waterway. Although the Clean Water Act was successful in remediating problems caused by sources known to be harmful during the 1970s, new classes of endocrine-disrupting contaminants from industrial and municipal sources have since become influential, including synthetic estrogens (Ramirez et al. 2009 , Barber et al. 2011 , Schultz MM et al. 2013 ). Many of these contaminants are associated with sublethal effects on the health of fishes (e.g., intersex condition; Martinovic-Weigelt et al. 2013 . However, these sublethal effects on individuals could have implications for populations as individual fitness is reduced (Harris et al. 2011) .
Relevance for river ecosystems worldwide Globally, large rivers have experienced tremendous modification and loss of biodiversity; however, there are few records to document this loss over the scale of decades because it is unusual to have data that can be directly compared over more than half a century. Moreover, among rivers worldwide, it is unusual to have the extent of pretreatment data we have on the Illinois Waterway, thanks in large part to the early programs developed by Forbes. Forbes's secondary objective (documenting the effects of the Chicago Sanitary and Ship Canal) ultimately became the primary objective and contribution of the LTEF program. Forbes's original programs documented the decline of fishes (and other taxa) in the Illinois Waterway, whereas the LTEF has documented the recovery of fishes. Fish populations in the Illinois Waterway have responded most dramatically in areas where water quality was the worst historically and where the implementation of the Clean Water Act has been most influential, such as the Des Plaines River (Pegg and McClelland 2004) . The native fish species have rebounded in response to improvements in water quality, despite other ongoing problems. The locks and dams that maintain the navigation channel of the waterway are still operational, and 90% of the original wetland habitats surrounding the river are either isolated from the river by levees or severely degraded (Havera and Bellrose 1985) .
Some tributaries of large rivers may serve as refuges for species that cannot persist in the polluted mainstem, which may have occurred for many of the species that recolonized the upper portions of the Illinois Waterway. Considering the time it may take to improve water quality in large rivers (e.g., the lag in implementing the Clean Water Act in the Des Plaines River), focusing conservation efforts on tributaries may be a way to help species remain viable in situations in which the mainstem is uninhabitable (e.g., Pracheil et al. 2013) . Of course, creating suitable water quality should remain a priority, and habitat connectivity is a critical factor for conserving fish species.
More broadly, the recovery of fish populations in the Illinois Waterway highlights the hierarchical and spatial nature of factors limiting fish. At the risk of oversimplifying a complex system, the problems posed by water quality and habitat tend to exist at opposite ends of the Illinois Waterway: Upstream portions were more acutely affected by water quality, whereas sedimentation and other habitat issues are more influential in downstream areas. Creating infrastructure to improve water treatment was a massive undertaking, but the resulting ecological change was proportionally large in upstream areas. The more modest recovery in the lower portions of the Illinois Waterway may result from a system limited less by water quality than by habitat (Pegg and McClelland 2004) . Although it may have been advantageous to use two different rivers to experiment with, one to examine urban effluent effects and one to examine agriculturally derived sedimentation, the effects are separated by distance on the Illinois Waterway. Sediment continues physically filling in the habitats remaining in the lower Illinois River and also degrading their quality by reducing water clarity when the sediment is resuspended by wave action. Improving water quality is a desirable goal in many degraded rivers but may not be sufficient to address all of their problems. For instance, focusing on water quality will not ease the numerous ecological problems caused by dams worldwide, especially the high dams that completely block fish migrations and drastically alter water and sediment quality both upstream and downstream (e.g., Liermann et al. 2012) . In contrast, the low navigation dams on the Illinois Waterway potentially could be operated to create a more natural water-level regime that would enhance the production of fishes (Koel and Sparks 2002) .
Although not easy to achieve, the process of improving water quality has the advantage of being fairly straightforward and predictable, and it has the additional advantage of providing many recreational and aesthetic enhancements. Not all solutions to restore ecosystems are straightforward and readily appreciated by the public, and creating better water quality may be somewhat rare in that regard. In addition, creating good water quality is a prerequisite for dealing with rapidly warming tempeartures, fragementation, and other environmental problems. Particularly given that rivers and other freshwater systems are among the most threatened ecosystems worldwide and that freshwater species have already suffered high rates of extinction and imperilment (Ricciardi and Rasmussen 1999) , improving water quality should remain a priority for freshwater conservation because it has the demonstrated potential to reverse ecological degradation.
We are unaware of a more comprehensive record illustrating more dramatic, positive, and lasting changes in a riverine fish assemblage. The ecological indicators presented above highlight different facets of a coherent pattern in the Illinois Waterway. By any measure, the fish assemblage shows a dramatic improvement: Populations of one of the world's most invasive species have plummeted and remained suppressed, species richness and diversity have rebounded largely in response to improvements in water quality, and predatory fish desired by anglers are increasing. The Illinois Waterway remains a heavily modified system located downstream of a major city and maintained primarily for shipping and flood control. Outside the metropolitan and industrial headwaters, its watershed includes some of the most productive and intensively farmed acreage in North America. Even in such a landscape, rivers can experience substantial ecological turnaround. The Illinois Waterway demonstrates both the benefit of water-quality improvements to fish assemblages and the potential for ongoing degradation (e.g., invasive species and sedimentation) to erode these gains. The presence of intersex fish and the explosive population growth of invasive Asian carp are troubling reminders of the challenges in maintaining river-ecosystem vitality. However, demonstrating how far the Illinois Waterway has come clearly validates efforts to improve river ecosystems.
Conclusions
The improvements in the Illinois Waterway's water quality and fish assemblages occurred directly from the implementation of regulations. Detecting the ecological recovery that ensued was possible because of the Federal Aid in Sport Fish Restoration Act and similar monitoring programs that provided the funding to conduct such large-scale, long-term studies. The effectiveness of such regulations, as well as monitoring their effects, creates a substantial body of evidence that must be considered in any efforts to curtail them.
